Aims/hypothesis Genome-wide association studies (GWAS) have identified numerous single-nucleotide polymorphisms associated with obesity, consequently implying a role in adipocyte biology for many closely residing genes. We investigated the functional relevance of such genes in human adipocytes. Methods We selected eight genes (BDNF, MAF, MTCH2, NEGR1, NPC1, PTER, SH2B1 and TMEM18) from obesity GWAS and analysed their effect in human adipogenesis using small interfering (si)RNA-mediated knockdown, their regulation by metabolic agents in adipocytes and preadipocytes, and gene expression in paired samples of human fat biopsies (68 non-obese, 165 obese) by quantitative realtime PCR. Results We show a two-to threefold upregulation of MAF, MTCH2 and NEGR1 and a two-to fourfold downregulation of BDNF and PTER during adipogenesis. Knockdown of BDNF (mean±SEM; 83.8±4.7% of control; p00.0002), MTCH2 (72.7±9.5%; p00.0006), NEGR1 (70.2±5.7%; p <0.0001) and TMEM18 (70.8±6.1%; p<0.0001) significantly inhibited adipocyte maturation, while knockdown of the other proteins had no effect. Insulin slightly induced MAF (1.65-fold; p00.0009) and MTCH2 (1.72-fold; p< 0.0001), while it suppressed BDNF (59.6%; p00.0009), NEGR1 (58.0%; p 00.0085) and TMEM18 (69.3%; p 0 0.0377) in adipocytes. The synthetic glucocorticoid dexamethasone suppressed MAF (45.7%; p00.0022), BDNF (66.6%; p00.0012) and TMEM18 (63.5%; p00.0181), but induced NEGR1 (3.2-fold; p00.0117) expression. Furthermore, MTCH2, NEGR1 and TMEM18 were differentially expressed in subcutaneous and visceral adipose tissue. TMEM18 expression was decreased in the adipose tissue of obese patients, and negatively correlated with anthropometric variables and adipocyte size. Conclusions/interpretation Our results imply a regulatory role for TMEM18, BDNF, MTCH2 and NEGR1 in adipocyte differentiation and biology. In addition, we show a variation of MAF expression during adipogenesis, while NPC1, PTER and SH2B1 were not regulated.
Introduction
The accumulation of adipose tissue in obesity results from the storage of excess lipids in the state of positive energy balance. In addition to environmental factors leading to energy overload, genetic predisposition significantly contributes to the susceptibility to obesity. Although the pathogenic mechanisms of rare monogenetic traits are relatively well understood, they constitute only a minor portion of the heritability of obesity. The major share of genetic susceptibility comes from complex polygenic variants. Genome-wide association studies (GWAS) have identified a large number of single-nucleotide polymorphisms (SNPs) associated with measures of obesity. These include, among other signals, variants in or near the genes BDNF (encoding brain-derived neurotrophic factor), MAF (v-maf musculoaponeurotic fibrosarcoma oncogene homologue), MTCH2 (mitochondrial carrier homologue 2), NEGR1 (neuronal growth regulator 1), NPC1 (Niemann-Pick disease, type C1), PTER (phosphotriesterase-related gene), SH2B1 (SH2B adaptor protein 1) and TMEM18 (transmembrane protein 18) [1] [2] [3] . Most of these genes have previously not been recognised as playing a role in the pathogenesis of obesity and a potential role in adipocyte development has not been addressed.
Considering the broad variety of obesity-causing mechanisms that have been described, pathogenic factors might interfere with the regulation of energy expenditure and food intake in the brain, brown adipose tissue-induced energy expenditure [4] , oral lipid sensing [5] or gut microbiome composition [6] . In addition, potential causal factors might act on the modification of energy metabolism at the level of adipocytes, or on the formation and expandability of adipose tissue itself [7] . The development of adipose tissue is a highly regulated process based on a complex system of transcription factors and other regulators [7] . Dysregulation in this network can cause obesity by hyperplasia or hypertrophy of adipocytes.
So far, little is known about the potential role of the genes implicated by obesity GWAS signals in adipogenesis and adipocyte biology. In this study, we assessed the functional importance of the respective genes for adipocyte differentiation, their expression during adipocyte differentiation and in human adipose tissue samples, and their transcriptional regulation by metabolic factors affecting lipid metabolism.
Methods
Cell culture and in vitro adipocyte differentiation We used the human pre-adipocyte model of Simpson-Golabi-Behmel syndrome (SGBS) cells kindly supplied by M. Wabitsch (Division of Pediatric Endocrinology and Diabetes, University of Ulm, Ulm, Germany) [8] . Cells were cultured in basal medium consisting of DMEM/Ham F12 medium (Life Technologies, Karlsruhe, Germany) supplemented with 33 μmol/l biotin and 17 μmol/l pantothenic acid. Preadipocytes were differentiated into mature adipocytes as previously described [9] . Briefly, differentiation was induced under serum-free conditions by treating confluent cells with a medium comprising 20 nmol/l insulin, 100 nmol/l hydrocortisone, 0.2 nmol/l tri-iodothyronine and 0.13 nmol/l apo-transferrin. For the first 4 days of differentiation, the medium was additionally supplemented with 25 nmol/l dexamethasone, 500 μmol/l isobutyl-1-methylxanthine and 2 μmol/l rosiglitazone.
Stimulation with metabolic regulators
For stimulation experiments, confluent pre-adipocytes and mature adipocytes at day9 post-induction were starved for 24 h in a serum-free basal medium (DMEM/F12, 33 μM biotin and 17 μM pantothenic acid) followed by 24 h incubation with insulin (100 nmol/l), IGF-1 (100 nmol/l) and dexamethasone (100 nmol/l), or isoprenaline (10 μmol/l). Insulin and IGF-1 are adipogenic agents and promote glucose uptake, fatty acid transport protein translocation and fatty acid uptake in adipocytes [10, 11] . Dexamethasone is a synthetic glucocorticoid regulating the expression of PPARG and CEBPA, which are involved in adipogenesis [12] . Isoprenaline is a betaadrenergic agonist that induces the lipolytic activity of adipocytes [13] . Untreated cells incubated in a serum-free basal medium served as a control. Four independent cell culture experiments were performed, each in triplicate.
Quantitative real-time PCR Total RNA from cells was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) including on-column DNA digestion according to the manufacturer's instructions. Pooled RNA samples from human tissues were obtained from Clontech-Takara Bio (SaintGermain-en-Laye, France). A total of 500 ng of RNA was reverse transcribed using M-MLV reverse transcriptase and random hexamer [p(dN) 6 ] primers. Quantitative real-time TaqMan PCR (Applied Biosystems, Darmstadt, Germany) was performed in a 20 μl reaction mix with 10 μl 2×qPCR MasterMix Plus Low ROX (Eurogentec, Seraing, Belgium), 900 nmol/l of each primer and 200 nM probe using the ABI 7500 Real-Time PCR System (Applied Biosystems). All samples were analysed in triplicate. A standard curve of serial dilutions of plasmid-DNA of the respective target gene was included on each plate. The copy number of each sample was calculated from the standard curve and normalised to the mean of the three housekeeping genes TBP, ACTB and HPRT1. The primer and probe sequences used are listed in the electronic supplementary material (ESM; Table 1 ). For SH2B1, a commercially available gene expression assay was applied (Applied Biosystems). Analyses of candidate gene expression in adipose tissue samples of lean and obese humans were performed as previously described [14] .
siRNA-mediated knockdown of candidate proteins SGBS pre-adipocytes were transfected using the Neon Transfection System 100 μl Kit (Invitrogen, Carlsbad, CA, USA). Electroporation parameters were optimised to pulse voltage 1300V, pulse width 20 ms, pulse number 2 and a cell density of 6×10 6 cells/ml. Gene-specific ON-TARGETplus SMARTpool small interfering (si)RNAs and ON-TARGETplus control reagents (Dharmacon, Lafayette, LA, USA), consisting of four different siRNAs for one target, were used at a final concentration of 500 nmol/l. After electroporation, 60,000 cells/well were seeded in 12-well format and differentiated as described above. Efficient knockdown of gene expression was confirmed on days0, 2, 4 and 8 post-induction using quantitative real-time PCR.
Quantification of triacylglycerol contents To confirm and quantify differentiation efficiency, differentiated adipocytes were double-stained with Nile Red and Hoechst 33342 and analysed by fluorescence microscopy. Differentiation efficiency was determined by quantitative morphometric assessment. For quantification of triacylglycerol accumulation, adipocytes at day 8 post-induction were fixed in Roti-Histofix 4% (Carl Roth GmbH, Karlsruhe, Germany), washed with PBS and stained with Oil Red-O solution (0.3% in 60% isopropanol) for 15 min. After extensive washing with water, Oil Red-O was extracted by incubation with isopropanol, and quantified at 540 nm using the FLUOstar OPTIMA (BMG LABTECH, Offenburg, Germany).
Measurement of adipocyte cell size Adipocytes from human adipose tissue samples were isolated by collagenase digestion (1 mg/ml). To determine cell size distribution, 200 μl aliquots of adipocyte suspension were fixed with osmic acid, incubated for 48 h at 37°C and counted in a Coulter counter (Multisizer III; Beckmann Coulter, Krefeld, Germany).
Expression of candidate genes in human adipose tissue samples Paired samples of visceral and subcutaneous adipose tissue were obtained from 233 Europid men (n083) and women (n 0150) who underwent open abdominal surgery for cholecystectomy, appendectomy, weightreduction surgery, abdominal injuries or explorative laparotomy (ESM Table 2 ). Ages ranged from 18 to 89 years and BMI from 13.8 to 71.0 kg/m 2 . A total of 69 participants had type 2 diabetes. All participants had a stable weight without fluctuations of more than 3% of body weight for at least 3 months before surgery. Patients with severe conditions including generalised inflammation or end-stage malignant diseases were excluded from the study. Samples of visceral and subcutaneous adipose tissue were immediately frozen in liquid nitrogen after explantation. The study was approved by the ethics committee of the University of Leipzig (Leipzig, Germany). All participants gave written informed consent before taking part in the study.
Statistical analyses Statistical analyses of cell culture experiments were performed using GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA). Significance levels were calculated by one-way ANOVA of repeated measurements with Dunnett's post-test and Student's t test. For cell culture analyses, at least three independent experiments were performed, each in triplicate. Differences in gene expression between visceral and subcutaneous adipose tissue were assessed using the paired Student's t test. For statistical analyses on significant differences of mRNA levels in different obesity states, we combined lean and overweight participants into a non-obese/lean subgroup and compared them with the obese subgroup. Linear relationships were assessed by least-square regression analysis using SPSS (Chicago, IL, USA). The associations of the obesity-associated variants with adipose tissue mRNA levels were analysed assuming different genetic models (additive, dominant and recessive) using one-way ANOVA. Twosided t tests were performed and the threshold for statistical significance was set at p<0.05.
Results

Selection of candidate genes
Candidate genes for functional analyses were selected from five GWAS [1-3, 15, 16] and a replication study [17] targeting obesity and measures of fat distribution. To prioritise genes with higher potential for clinical and functional relevance for adipogenesis, we applied a score based on significance level, replication of the loci in independent studies, OR, gene-related location of the variant and expression data in human adipocytes (Table 1 ; ESM Fig. 1 ). We excluded FTO [18] [19] [20] and MC4R [21, 22] as potential candidate genes, as previous studies suggested that they mediate their regulatory function by central mechanisms rather than at the level of adipose tissue itself. The top eight genes were selected for further analyses (Table 1) .
To test whether the selected candidate genes are indeed associated with the obesity-related genetic variant, we checked the location and functional relevance of any SNP within 200 kb in linkage disequilibrium with the SNP included in our candidate gene selection procedure (r 2 >0.8, HapMap CEU population). Applying our scoring strategy, the candidate genes included in our study were confirmed as the most functionally relevant.
Human tissue expression profile of candidate genes We first investigated the expression level of each of the candidate genes in human adipose tissue and compared it with several metabolic, neural, lymphatic and other tissues. Each of the candidate genes showed a distinct expression profile among human tissues, with no uniform expression pattern for the different genes. All of the genes were expressed in adipose tissue. Only SH2B1 All significantly associated variants from GWAS were allocated 1 point, with SNPs reaching genome-wide significance (p<5×10 -8 ) allocated 2 points. Further scoring criteria were: replication in an independent study (1 point), above-average effect size of the variant with the obesity-related trait (OR <0.8 or >1.2; 1 point), location of the SNP (1 point for intergenic, 2 points for intronic, 3 points for exonic) and expression in differentiating SGBS cells (1 point). Positive expression was defined as a raw signal>250 in whole-genome expression data or a cycle threshold value <35 in quantitative real-time PCR in the case of MAF and PTER. The top eight genes were selected for in vitro studies. Among the variants reaching a score of overall 4 points, MAF and PTER presented the strongest ORs and were therefore chosen for further analyses. AU, arbitrary units adipose tissue expression was below the overall median expression of all tissues (Fig. 1) .
Functional relevance of candidate gene expression for adipogenesis To investigate whether expression of the candidate genes from GWAS might be essential for adipogenesis, we suppressed candidate protein production in pre-adipocytes using gene-specific siRNAs and assessed the effect on adipocyte differentiation and triacylglycerol accumulation.
Knockdown of peroxisome proliferator-activated receptor γ (PPARγ), a master regulator of adipogenesis [23] , resulted in an expected significant reduction in triacylglycerol accumulation (p<0.0001) and served as a positive control (Fig. 2a, b) .
Knockdown of BDNF led to a slight but significant reduction in adipogenesis (p00.0002), while we observed stronger effects after knockdown of MTCH2 (p00.0006), NEGR1 (p < 0.0001), and TMEM18 (p < 0.0001). In contrast, we did not detect alterations in adipogenesis after knockdown of MAF, NPC1, PTER or SH2B1 production (Fig. 2a, b) . Successful knockdown of target gene expression was confirmed by quantitative real-time PCR. Expression of each candidate gene was decreased to at least 60%. All genes were downregulated over the whole differentiation period except for TMEM18 expression, which recovered at day 8 (Fig. 2c) .
Expression of candidate genes during human adipocyte differentiation We next evaluated whether candidate gene expression is regulated during human adipocyte differentiation. Efficient adipocyte differentiation was confirmed by Nile Red/Hoechst double staining and fluorescence microscopy (Fig. 3a) , and a significant increase in PPARG expression (p<0.0001) (Fig. 3b) .
MAF (p00.008), MTCH2 (p<0.001) and NEGR1 (p< 0.001) expression increased at least twofold in mature adipocytes compared with undifferentiated pre-adipocytes. BDNF expression decreased to about 25% (p<0.001) and PTER to about 50% (p00.010) of their initial expression level (Fig. 3c) . In contrast, NPC1 (p00.007), and TMEM18 (p00.003) expression levels were significantly but only slightly modulated (less than twofold) during human adipocyte differentiation, while SH2B1 was not significantly altered (p>0.05; data not shown).
Effect of metabolic stimuli on candidate gene expression To analyse the impact of metabolic regulators on candidate genes, we determined the effect of insulin, dexamethasone, IGF-1 and isoprenaline on candidate gene expression in pre-adipocytes and mature adipocytes (Fig. 4) .
After incubation of pre-adipocytes with these metabolic agents, we observed no or only modest alterations in the expression levels of the candidate genes, except for MAF expression, which was significantly downregulated by dexamethasone (p00.0048) and IGF-1 (p00.0213).
In mature adipocytes, insulin slightly induced expression of MAF and MTCH2, while both insulin and IGF-1 suppressed BDNF, NEGR1 and TMEM18 expression. Dexamethasone significantly inhibited BDNF (p00.0012), MAF (p00.0010) and TMEM18 (p00.0181), but induced NEGR1 (p00.0117) expression levels.
In contrast, the beta-adrenergic agonist isoprenaline did not exert any effect on candidate gene expression in preadipocytes or adipocytes. The expression of NPC1, PTER and SH2B1 was not affected by any of the metabolic factors.
Expression in subcutaneous and visceral adipose tissue of lean and obese human participants We investigated the expression of the candidate genes in visceral and subcutaneous human adipose tissue samples from the previously described male (n 083) and female (n 0150) donors who underwent abdominal surgery [24] . Further clinical characteristics of the cohort are given in ESM Table 2 .
MTCH2 expression in subcutaneous adipose tissue exceeded its expression in visceral adipose tissue (p<0.01), while TMEM18 (p<0.01) and NEGR1 (p<0.01) expression was higher in visceral adipose tissue; there were no differences for BDNF (Fig. 5) . Furthermore, MAF expression was significantly lower in subcutaneous compared with visceral adipose tissue (p<0.0001) and NPC1 expression was slightly increased (p<0.05), while PTER and SH2B1 were not differentially expressed (ESM Fig. 2a, d, g, j) .
When we stratified the patients into non-obese (BMI <30 kg/m 2 ) and obese (BMI ≥30 kg/m 2 ) groups, TMEM18 expression was lower in both fat depots of obese compared with non-obese participants. Furthermore, MTCH2 expression was significantly increased (p<0.05) in subcutaneous adipose tissue of obese participants, while NEGR1 expression was significantly decreased (p<0.01) compared with non-obese participants (Fig. 5) . In addition, PTER, but not MAF, NPC1 or SH2B1 expression, was significantly associated with the degree of obesity, as detected by a slight decrease in subcutaneous adipose tissue expression levels of obese participants (p<0.05; ESM Fig. 2) .
Finally, we analysed potential associations of visceral and subcutaneous candidate gene expression with anthropometric, metabolic and inflammatory variables ( Table 2 ). Corresponding to the decrease in the non-obese group, the expression of TMEM18 in subcutaneous adipose tissue was significantly negatively associated with all clinical variables of body fat mass (weight, BMI, waist and hip circumference, WHR, percent body fat, visceral and subcutaneous fat area, computed PTER (filled circles, p00.010) were downregulated by more than twofold during adipocyte differentiation. Three independent experiments were performed in triplicate. Basal expression in untreated preadipocytes was set to 1 and data are given as fold change compared with basal as mean±SEM. Expression during adipocyte differentiation was analysed using one-way ANOVA of repeated measurements circumference, percent body fat, visceral and subcutaneous fat area, serum leptin) and metabolic variables (HbA 1c , clamp, HDL-cholesterol, triacylglycerol, NEFA). There were some associations with obesity variables (WHR, waist and hip circumference, visceral and subcutaneous fat area) for NEGR1 expression in subcutaneous adipose tissue, but not to the extent observed for TMEM18 or BDNF (Table 2 ). MTCH2 expression was not associated with clinical variables in adipose tissue (Table 2) . Furthermore, we observed slight negative associations of subcutaneous MAF, SH2B1 and PTER expression levels with the degree of obesity (weight, BMI, waist and hip circumference, visceral and subcutaneous fat area, serum leptin concentration) and total cholesterol and LDL-cholesterol as variables of lipid metabolism (ESM Table 3 ). Finally, we evaluated whether candidate expression in adipose tissue samples may be affected by the presence of genetic risk alleles. However, there were no significant differences in candidate gene expression between carriers and non-carriers of the risk alleles (ESM Table 4 ).
Discussion
In this study, we systematically characterised the functional relevance of genes implicated by obesity GWAS signals at the level of adipocytes in vitro. Our results point to a potential role for TMEM18, BDNF, MTCH2 and NEGR1 as regulators of human adipocyte differentiation.
Of the obesity genes from GWAS investigated in this study, we observed the strongest effects for TMEM18 and BDNF. TMEM18 has been suggested to act as a sequence-specific transcription factor involved in the modulation of neural stem cell migration [25] . Our results, showing differential expression of TMEM18 between the adipose tissue of obese and lean r values (p values) are given: *p<0.05, **p<0.01, ***p<0.001 FPG, fasting plasma glucose; FPI, fasting plasma insulin; hsCRP, high-sensitivity CRP; PG, plasma glucose; Subc., subcutaneous; Visc., visceral participants and negative regulation of TMEM18 by adipogenic regulators, indicate a role for TMEM18 in adipose tissue. Furthermore, we provide evidence that TMEM18 gene function is essential for adipogenesis since even incomplete suppression of TMEM18 mRNA levels led to significant inhibition of adipocyte differentiation. It is therefore tempting to speculate that TMEM18 acts as a transcriptional regulator in adipogenesis, although targets of TMEM18 in adipose tissue are so far unknown. Interestingly, recent metaanalyses of several GWAS have confirmed the strong association of variations in the TMEM18 locus with measures of obesity. In fact, variants in TMEM18 were the strongest predictors of obesity besides variants in the FTO gene [26, 27] . BDNF has mainly been associated with central neurological and psychiatric disorders [28] . The association of circulating BDNF and genetic BDNF variants with obesity has previously been shown, but is mainly attributed to the central regulation of food intake and energy expenditure (reviewed in [29] ). BDNF has been proposed to act downstream of the melanocortin 4 receptor [30] , and mice depleted of Bdnf in the hypothalamus developed hyperphagic behaviour and obesity [31] . Interestingly, we also detected BDNF expression in visceral and subcutaneous adipose tissue of human participants. BDNF expression levels in subcutaneous adipose tissue were negatively associated with obesity-related variables. In line with these data, previous studies have shown that circulating BDNF levels are lower in children and adolescents with obesity [32] , and low levels of BDNF accompanied impaired glucose metabolism in adults [33] . Complementing these clinical observations, BDNF expression was impressively downregulated with induction of adipocyte differentiation in our study. On the other hand, in adipose-derived stem cells treated with a neurogenic induction protocol, BDNF expression was increased [34] . This may indicate a role for BDNF in the commitment of cell lineage determination. Our results provide the first evidence that BDNF is of functional relevance at the level of adipose tissue.
MTCH2 encodes a surface-exposed outer mitochondrial membrane protein that is hypothesised to be involved in apoptosis [35] . A recent study suggested an association between MTCH2 expression in adipose tissue and obesity in adults [36] . It was shown that MTCH2 mRNA and protein expression were increased in the adipose tissue of obese women and with the progress of adipocyte differentiation in vitro [36] . In line with this study, we detected an induction of MTCH2 in mature adipocytes compared with preadipocytes and differential expression of MTCH2 in the subcutaneous adipose tissue of non-obese and obese human participants, indicating a role for MTCH2 in adipose tissue biology. This corresponds with recent results showing that MTCH2 was upregulated in the adipose tissue of rats exposed to a high-fat diet [37] . The upregulation of MTCH2 expression during adipogenesis and in the adipose tissue of obese humans is similar to previous results obtained for expression of PPARG, which is activated with the start of adipogenesis and increased in the adipose tissue of obese humans [38, 39] . PPARG is a transcription factor and a key regulator of adipocyte differentiation [7] . One might therefore speculate that MTCH2 is involved in the adipogenic programme that is triggered upon PPARG activation.
NEGR1 was originally identified as a neural protein with high expression in the cerebral cortex and hippocampus [40] . It was postulated to be involved in synaptic formation during neuronal development and, hence, in plasticity in learning and memory [41] . Interestingly, NEGR1 was recently shown to be differentially regulated in adipose tissue of lean and obese siblings [42] . Similarly, we detected lower NEGR1 expression in the subcutaneous adipose tissue of obese human participants and observed slight but significant negative associations between subcutaneous NEGR1 expression and obesity-related variables. These findings might indicate a possible regulatory function of NEGR1 in adipose tissue.
MAF has been described as a transcription factor involved in the commitment of mesenchymal stem cells into the osteoblast or adipocyte lineage [43] . We did not observe an effect on adipocyte differentiation in the absence of MAF expression, which might be due to the fact that the SGBS preadipocyte model used in this study is already committed to the adipocyte lineage and does not represent mesenchymal stem cells. However, the differential expression of MAF during pre-adipocyte/adipocyte transition and the modulation by metabolic agents involved in adipocyte differentiation may point to a role for MAF in adipocyte differentiation.
Finally, our results do not suggest a role for NPC1, SH2B1 or PTER at the level of adipose tissue. There might be distinct mechanisms by which these genes are involved in the accumulation of fat mass, as is the case for the FTO gene. Variants in the FTO gene show the strongest associations with obesity and metabolic traits so far [27] . Several clinical and experimental studies indicate that FTO mediates a regulatory function by central mechanisms, rather than at the level of adipose tissue itself [18] [19] [20] . Similarly, SH2B1 was previously described as a central regulator of weight control [44] . Sh2b1 knockout resulted in morbid obesity and type 2 diabetes in mice, which was explained by an enhancement of hypothalamic leptin sensitivity [45, 46] . The NPC1 gene codes for a protein involved in intracellular cholesterol trafficking and is primarily known for an autosomal-recessive lysosomal lipid storage disorder characterised by cellular lipid accumulation, neurodegeneration and reduced steroid production [47] . In a recent study, decreased NPC1 gene dosage made mice susceptible to obesity and insulin resistance, but the mechanisms behind this remain unclear [48] . One has to note that in our study, siRNA-mediated knockdown of NPC1 led to a reduction of NPC1 expression by about 50%, hence making it difficult to completely rule out the relevance of NPC1 for adipogenesis of SGBS cells. Of note, the obesity-associated variants mapping to NPC1 and PTER were not replicated in independent studies and did not achieve the high significance levels in GWAS compared with variants in other candidate genes.
We did not detect a significant association between risk alleles and the expression level in adipose tissue for any of the genes analysed. However, this may be explained by insufficient statistical power due to small sample size.
Concerning the selected genes for these functional analyses, we need to remember that the selection procedure used in this study was subjective, even though a scoring approach was applied. For example, the location of a variant with respect to the transcriptional start site (TSS) might be an important selection criterion, since previous studies have suggested that expression quantitative trait loci are enriched within 200 kb of a TSS [49] . If we considered variants near TSSs as functionally relevant as exonic variants and awarded equal points for each, the top eight candidate genes would remain the same with one exception. The SNP rs6747305 is located near the genes ETV5, SFRS10 and DGKG, most closely mapping to ETV5. Interestingly, ETV5 encodes a transcription factor and promotes adipogenesis in 3T3-L1 cells [50] . Furthermore, the number of GWAS, meta-analyses and replication studies has been steadily increasing since the initiation of this project, implicating additional potential candidate genes. In addition, although our analyses support the candidate gene selection, we cannot be certain that the genes we selected represent the causal genes underlying the association of the respective variants with obesity-related traits. Nevertheless, the systematic analyses of those genes are of great importance to preselect genes with a functional relevance during adipogenesis in vitro.
In summary, we have shown functional implications for TMEM18, BDNF, MTCH2 and NEGR1 during adipogenesis. Hence, the obesity-associated GWAS signals at the TMEM18, BDNF, MTCH2 and NEGR1 loci might be explained by effects on gene expression and subsequent gene function in adipose tissue. In addition, MAF expression is differentially regulated in adipocytes but is not essential for adipogenesis. NPC1, PTER and SH2B1 did not have a regulatory role at the level of adipose tissue in our study.
